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IMPLODING  PLASMA  RADIATION  SOURCES: 


What  They  Do 


Imploding  R-asma  Discharges 


•  Convert  100-200  ns  pulses  of  EM  energy  into  kinetic  energy  of 

PLASMA  RUN-IN. 


.  Convert  kinetic  energy  of  run-in  to  plasma  temperature  and 
radiation  during  10-40ns  "assembly"  time- 


Conversion  of  KE  mostly  to  temperature 

MEANS  LESS  RADIATION  OUT  BUT  HOTTER  SPECTRUM  OF  RADIATION* 


Conversion  of  KE  mostly  to  radiation 

MEANS  MORE  RADIATION  OUT  BUT  COLDER  SPECTRUM* 
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IMPLODING  PLASMA  RADIATION  SOURCES 
How  They  Work  and 
Why  They're  Useful 


Parallel  current  flaments  attract  each 

STRONGER  IF  THE  CURRENTS  ARE  LARGER  OR 


OTHER  WITH  A  FORCE  THAT  IS 
THEIR  SEPARATIONS  SMALLER* 


Each  element  near  the  outer  surface  of  an  annular  hollow  plasma 

CYLINDER  CARRIES  CURRENT  WHEN  AN  AXIAL  ELECTRIC  FIELD  IS  APPLIED 
FROM  OUTSIDE  THE  CYLINDER* 


CUTAWAY  VIEW 
(CURRENTS  FLOW 
NORMAL  TO  PAPER) 


Fig.  1  —  Forces  on  current  filaments 
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HOW  MUCH  CURRENT  IS  CARRIED  DEPENDS  ON: 

(1)  HOW  HOT  THE  PLASMA  IS  (MORE  CURRENT  IN  HOTTER  PLASMA,  FOR 
A  GIVEN  FIELD) 


(2)  HOW  FAST  THE  PLASMA  ELEMENTS  ARE  MOVING  RADIALLY  (LESS 
CURRENT  IF  MOVING  INWARD  FASTER) 

This  affects  the  efficiency  of  converting  electric  field  energy 

OUTSIDE  THE  PLASMA  TO  ENERGY  OF  MOTION  OF  THE  PLASMA-  (FlG-  2) 


Fig.  2  —  A  typical  plasma  current  filament  (shaded), 
with  current  driven  by  external  electric  field  E. 


The  annular  cylinder  of  plasma  constricts,  and  acquires  kinetic 
ENERGY  AS  IT  MOVES  INWARD  RADIALLY*  (RUN~IN  PHASE,  FlG*  3) 


Eventually  the  imploding  hollow  plasma  meets  the  center-line  and 

BECOMES  A  COMPRESSING  NON-HOLLOW  PLASMA  (FlG-  4)- 


Fig.  4  —  Density  vs  radius  in  the  run-in  phase  (dashed)  and  pinch  phase  (solid) 
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The  time  required  to  go  from  a  hollow  plasma  to  a  non-hollow  one  is 

USUALLY  MUCH  SHORTER  THAN  THE  DURATION  OF  THE  RUN” IN  PHASE*  DURING 
THIS  SHORT  TIME.,  MUCH  OF  THE  KINETIC  ENERGY  OF  RADIAL  MOTION  IS 
CONVERTED  TO  THERMAL  ENERGY  AND  RADIATIVE  POWER  (FlG*  5)* 


Fig.  5  —  Energy  flow  into  competing  channels,  with  branching 
determined  by  density,  temperature,  and  energy  input  rate. 


The  OUTERMOST  PART  OF  THE  PLASMA  HAS  ENOUGH  INWARD  INERTIA  TO 
CONTINUE  COMPRESSING  THE  PLASMA  UNTIL  THE  THERMAL  PRESSURE  BECOMES 
LARGE  ENOUGH  TO  REVERSE  THE  COMPRESSION* 


IF  THERE  WERE  NO  RADIATIVE  OR  OTHER  ENERGY  LOSS,  THE  COMPRESSED 
PLASMA  WOULD  EVENTUALLY  SPRING  OUTWARD  AND  RE'EXPAND  (BOUNCE  PHASE)* 
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Radiative  energy  loss  prevents  the  temperature  from  reaching  the  peak 

VALUE  IT  WOULD  HAVE  IF  THERE  WERE  NO  SUCH  RADIATIVE  COOLING- 


Radiative  cooling  thus  reduces  the  vigor  of  the  outward  bounce 
motion-  If  radiative  cooling  is  fast  enough,  there  is  no  bounce- 


If  the  plasma  temperature  at  the  time  of  the  radiation  is  high 
enough,  the  radiated  energy  is  useful  because  its  spectrum  is  roughly 
similar  to  that  of  a  nuclear  device- 

The  radiation  rate  is  an  increasing  function  of  density,  and  so  it 
usually  peaks  sharply  in  time  near  the  time  of  peak  compression  of 
the  plasma-  The  radiation  thus  comes  out  largely  in  a  sharp  pulse  of 
short  duration  and  high  power  (Fig-  6)- 


Figure  6 


SPECTRAL  INTENSITY  (W/keV  cm 


For  any  density  and  temperture,  there  is  a  spectrum  of  radiated 

PHOTON  ENERGIES-  ONLY  THE  HIGHER  PHOTON  ENERGIES  ARE  OF  INTEREST  FOR 
THE  SIMULATION  OF  A  NUCLEAR  DEVICE,  ALTHOUGH  THE  RADIATION  AT  LOWER 
PHOTON  ENERGIES  (THE  * COOLER*  PART  OF  THE  SPECTRUM)  MAY  HAVE 
IMPORTANT  SIDE  EFFECTS  (FlG-  7)- 


PHOTON  ENERGY  (keV) 


Figure  7 


* 


The  radiated  power  in  high-energy  photons,  say  above  i  keV,  is  also  a 

FUNCTION  OF  PLASMA  ELECTRON  TEMPERATURE-  THIS  FUNCTION  USUALLY  HAS  A 
PEAK  AT  SOME  OPTIMAL  PLASMA  ELECTRON  TEMPERATURE,  TpK  (FlG-  8)- 
IF  T  IS  FAR  BELOW  TpK,  FEW  HIGH“ENERGY  PHOTONS  ARE  RADIATED  EVEN  IF 
THE  PLASMA  DENSITY  IS  QUITE  HIGH-  THE  SPECTRUM  THEN  IS  SAID  TO  BE 
TOO  COOL- 


Tpk  (LOG  SCALE) 

Fig.  8  —  Radiated  power  above  1  keV  photon  energy  per  pair  of  ions,  vs  free  electron  tempera¬ 
ture  (includes  increasing  number  of  stripped  electrons  per  ion  as  temperature  increases). 
Note  logarithmic  scale. 


The  LONG  RUN-IN  TIME  AND  THE  SUBSEQUENT  SHORT  PULSE- DU RAT I ON  FOR  THE 
ENERGETIC  RADIATION  MEAN  THAT  AN  IMPLODING  PLASMA  CAN  ABSORB 
ELECTROMAGNETIC  FIELD  ENERGY  OVER  THE  RUN" IN  TIME,  OF  ORDER  200  NS, 
AND  TRANSFORM  SOME  OF  THAT  ENERGY  INTO  AN  ENERGETIC  RADIATION  PULSE 
WITH  DURATION  OF  ORDER  20  NS,  IF  IT  GETS  THE  PLASMA  HOT  ENOUGH-  THIS 
TIMESCALE  SHORTENING  IS  USEFUL,  SINCE  IT  WOULD  BE  DIFFICULT  TO  MAKE 
THE  PLASMA  ABSORB  SO  MUCH  ENERGY  ON  THE  DESIRED  SHORTER  TIMESCALE- 
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TIME  HISTORY  OF  AN  IMPLODING  PLASMA  DISCHARGE 


The  history  of  an  imploding  plasma  discharge  divides  into  5  phases: 


!•  Early-time  development:  the  first  current,  perhaps  a  "pre- 

pulse",  HEATS  THE  WIRES  OR  GAS  OF  THE  DISCHARGE  TO  '  1  EV  AND 
IONIZES  IT- 


2-  The  plasma  fattens  from  heating,  and  begins  its  acceleration 

TOWARD  THE  AXIS* 


3-  The  discharge  plasma  accelerates  at  an  increasing  rate  toward  the 
axis  and  achieves  a  high  run-in  velocity  (typically 
-  4xl07  cm/s)  during  the  last  30-60  NS  of  its  run-in  phase- 


4-  The  plasmas  collide  and  assemble  at  the  axis,  converting  their 

RUN-IN  ENERGY  TO  HEAT  AND  RADIATIVE  LOSS  (AND  ADDITIONAL  MAGNETIC 
FIELD  ENERGY)  AS  THE  ASSEMBLED  PLASMA  SELF"P INCHES- 


5-  Late  time  phase:  the  pinch  disassembles  (often  predominantly  in 

AN  UNSTABLE,  INHOMOGENEOUS  WAY)  and/or  COOLS  RADIATIVELY  AT  HIGH 
DENSITY,  UNTIL  ITS  RADIATION  IS  NO  LONGER  INTERESTING-  THE  ONLY 
HEAT  SOURCE  IN  THIS  STAGE  IS  OHMIC  HEATING- 
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TO  START  WITH: 

WIRES,  FOILS,  HOLLOW  GAS  PUFFS,  OR  ANNULAR  METAL  VAPOR  PLASMAS? 


Foils,  annular  metal- vapor  plasmas,  and  gas  puffs  all  initially  look 

FAIRLY  SYMMETRIC  IN  AZIMUTH  (FlG-  9). 


METAL  VAPOR 

Figure  9 


GAS  PUFF 


Wires  have  azimuthal  nonuniformity  initially,  and  only  after  the  wire 

PLASMAS  RUN-IN  AND  COALESCE  DOES  ONE  REACH  NEAR-UNIFORMITY  IN 

azimuth  (Fig.  10). 
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Figure  10 
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Foils  look  initially  more  uniform  axially  (Fig.  11)  than  gas  puffs 

OR  METAL-VAPOR  PLASMAS* 

CATHODE  CATHODE  CATHODE 


ANODE  ANODE  ANODE 

FOIL  METAL  VAPOR  GAS  PUFF 

Figure  11 

Gas  puffs  are  initially  thicker  than  foils  and  can  be  made  less 
massive  (Fig.  12).  Metal  vapor  plasmas  probably  will  have 

INTERMEDIATE  INITIAL  THICKNESS  AND  MASS- 


Fig.  12  —  Initial  density  profiles  for  foil,  metal  plasma, 
and  gas  puff  midway  between  anode  and  cathode. 


Higher  mach-number  gas  injection  (faster  injection)  can  give  reduced 
AXIAL  FLARING  (FlG*  13)  COMPARED  WITH  LOWER  MACH  NUMBER* 


LOW  MACH  NUMBER  HIGH  MACH  NUMBER 

(FASTER  FLOW) 

Figure  13 


Foils  thick  enough  to  work  with  have  provided  excessively  large  mass 

FOR  BEST  COUPLING  TO  THE  EARLIER  GENERATORS*  HlGHER-CURRENT 
GENERATORS  MAY  COUPLE  BETTER  TO  FOILS  OF  WORKABLE  THICKNESS  IN 
THE  FUTURE* 


RADIATION  GENERATION  AND  ABSORPTION  - 
SIMPLEST  APPROXIMATION 


Radiation  generation  rate  (Watts/cm^) 


C  (N'T>' 


AT  EACH  POINT  IS 


A  FUNCTION  OF  THE  ION  DENSITY  N  (iONS/CM^)  AND  THE  ELECTRON 
TEMPERATURE  T  (EV  OR  °K).  THIS  IS  A  SUM  OVER  ALL  PHOTON 
ENERGIES* 


Radiation  absorption  rate  (W/cm^)  at  each  point  is 

p2£  T)* 

This  is  a  sum  of  the  absorptions  at  all  photon  energies  - 

ABSORPTION  DEPENDS  VERY  STRONGLY  ON  PHOTON  ENERGY* 


Energetic  radiation  (superscript  ">*)  is  generated  at  a  rate 


(n,T), 


A  DIFFERENT  FUNCTION  OF  ION  DENSITY  N  AND  ELECTRON  TEMPERATURE 

T*  This  is  a  sum  over  only  photon  energies  called  "energetic"* 


Absorption  of  energetic  radiation  can  sometimes  be  neglected  if  the 

PLASMA  DENSITY  IS  NOT  TOO  HIGH*  BlTT  WHEN  IT  CAN'T  BE  NEGLECTED, 
ITS  SIM  OVER  ALL  ENERGETIC  PHOTON  ENERGIES  IS  DENOTED 

PABS  (ft'T) 
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RADIATION  FROM  A  UNIFORM  PINCH 


Suppose  temperature  and  density  don't  vary  much  over  the  radial 

EXTENT  OF  THE  PINCH  AT  ANY  GIVEN  INSTANT. 


The  energetic  radiation  generation  rate  is  proportional  to  ion 

DENSITY  SQUARED,  TIMES  A  FUNCTION  OF  T  (ELECTRON  TEMPERATURE): 

P  *  (Watts/cm^)  «  n^g(T)- 


The  average  density  n  varies  inversely  as  the  square  of  the  pinch 

RADIUS, 


N  «  l/R^, 

BECAUSE  THE  SAME  TOTAL  NUMBER  OF  IONS  ARE  CONTAINED  IN  THE  PINCH 

2 

VOLUME  irR42  AS  R  CHANGES  WITH  TIME  DURING  PINCHING- 


The  VOLUME- INTEGRATED  ENERGETIC  RADIATION  GENERATION  IS 

(Pra^4Tts)  ■  ’r2*  ^rad' 

WHICH  VARIES  AS  (l/R^)  g(T)  SINCE  «  N2g(T)  AND 
N^«  l/R4*  • 


Both  r  and  T  change  with  time  during  the  pinching.  T  increases  by 

COMPRESS  I ONAL  HEATING  AS  R  DECREASES-  THIS  IS  ONLY  PARTLY  OFFSET 
BY  RADIATIVE  ENERGY“LOSS  COOLING-  IF  RADIATIVE  ENERGY  LOSS  IS 
SMALL,  T  RATHER  STRICTLY  FOLLOWS  CHANGES  IN  R  AND  THE  PINCH  IS 
NEARLY  "REVERSIBLE*  OR  "ADIABATIC*,  I-E-  SYMMETRIC  IN  TIME- 
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When  radiative  energy  loss  is  not  neglibible,  the  same  value  of  r 

AFTER  PINCHING  WILL  HAVE  A  COOLER  T  THAN  BEFORE  PINCHING,  AND  R 
WILL  NOT  SPRING  BACK  AS  FAR  (FlG-14)-  THIS  IS  THE  "NONADIABATIC* 
PINCH. 


200  210  220  230  240  t  (ns) 

Fig.  14  —  Radius  and  temperature  vs  time  near  peak  pinch  compression 

THE  TOTAL  RADIATIVE  YIELD  FROM  A  PINCH  IS  THE  TIME-INTEGRAL  OF  THE 
TOTAL  NET  RADIATED  POWER  (POWER  PER  CM^  INTEGRATED  OVER  VOLUME 
AND  PHOTON  ENERGIES) 

%-  '"(PSS-IPE) 

=  /  DT  ,R2l  (P™  -  P™> 
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The  energetic  radiative  yield,  similarly,  is  the  time-integral  of  the 

ENERGETIC  NET  RADIATED  POWER  (NET  MEANS  GENERATED  POWER  LESS 
ABSORBED  POWER)  -  INTEGRATED  ONLY  OVER  THOSE  PHOTON  ENERGIES 
CALLED  'ENERGETIC*: 


DT  (P 


> 

RAD 


> 

ABS 


) 
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IMPLODING  PLASMA  AS  A  CIRCUIT  ELEMENT 


The  plasma  carries  a  time-dependent  current  in  response  to  a  time- 
dependent  DRIVING  VOLTAGE  SET  UP  AS  AN  IMPINGING  ELECTROMAGNETIC 
PULSE. 


The  plasma  has  a  resistance  and  a  self- inductance;  both  are  time- 
varying. 


The  resistivity  decreases  as  the  plasma  heats  up.  The  plasma 

CONDUCTIVITY  a  «  T^/Z(T),  WHERE  THE  DEGREE  OF  IONIZATION  Z(T) 
INCREASES  TOWARDS  COMPLETE  IONIZATION  (BARE  NUCLEI)  AS  THE 
TEMPERATURE  T  RISES- 


The  CURRENT  IS  PROBABLY  NOT  CARRIED  UNIFORMLY  IN  THE  PLASMA,  BUT  IN  A 
'SKIN  CURRENT'  LAYER  OF  THICKNESS  5  AND  CROSS-SECTION  AREA 

Acurr  ~  2"R6.  The  thickness  s  would  increase  with  time  by 
'magnetic  diffusion'  if  the  SURFACE  WERE  not  mashed  by  the 
ELECTRODYNAMIC  FORCES  OF  ITS  OWN  CURRENTS- 

The  INTRINSIC  PLASMA  resistance  IS  Rp  =  l/(o  Acurr),  WITH  l  THE 
PLASMA  COLUMN  LENGTH.  TYPICALLY  ONE  EXPECTS  ~  .5  OHM  PER  CM  OF 
LENGTH  FOR  COOL  PLASMA,  DECREASING  TO  TYPICALLY  -01  OHM/CM  WHEN 
T  GETS  TO  THE  KEV  RANGE- 


Just  as  evasion  can  look  like  resistance,  there  is  another  'effective 
resistance'  due  to  time-variation  of  the  inductance,  as  the 

IMPLODING  PLASMA  'MOVES  OUT  OF  THE  WAY'  OF  THE  SURROUNDING  HIGH- 

FIELD  region.  This  is  discussed  in  a  moment.  This  'effective 
resistance'  can  be  one  or  more  Ohms,  for  typical  peak  implosion 

SPEEDS,  AND  SO  IT  CAN  BE  LARGER  THAN  THE  INTRINSIC  PLASMA 
RESISTANCE- 
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The  self- inductance  of  an  annular  current-carrying  layer  is  a 

GEOMETRICAL  PROPERTY  OF  THE  LAYER: 

Lp  (Henries)  =  2xlO~g*(cMUn(Rw/R) 

FOR  A  THIN  LAYER  (5  «  r)  OF  LENGTH  l-  AND  RADIUS  R  INSIDE  A 
CYLINDRICAL  CAVITY  OF  RADIUS  fy- 

The  rate  of  change  of  Lp  with  time  is  the  motional  part  of  the 

EFFECTIVE  RESISTANCE: 

Cp  (Ohms)  =  -  2  x  10~^  2(cm)  r(cm/s)/r(cm) 

FOR  A  THIN  LAYER-  (THE  DOT  WILL  ALWAYS  INDICATE  TIME  DERIVATIVE-) 
Lp  IS  CLEARLY  LARGER  WHEN  THE  IMPLOSION  SPEED  |r|  IS  LARGER- 
The  EQUIVALENT  CIRCUIT  IS,  TO  A  GOOD  APPROXIMATION  (FlG-  15)- 
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The  current,  I,  through  the  plasma  load  is  given  by  the  circuit 

EQUATION 

(R  +  R  +  L  )  I  +  (L  +  L  )  [  »  V 

v(\p  n£XT  Up/  1  u-p  lext/  i 

WHERE  V  IS  THE  TIME  VARYING  VOLTAGE, 

IS  ANY  EXTERNAL  RESISTANCE  IN  SERIES  WITH  THE  LOAD 
LgXj  IS  THE  EXTERNAL  MACHINE  INDUCTANCE,  IN  SERIES  WITH 
THE  LOAD* 


SHOCK  DURING  RUN-IN 

When  the  self-pinching  force  on  the  plasma  rises  rapidly,  the  outer 

PART  OF  THE  PLASMA  IS  MASHED  (INCREASING  ITS  DENSITY)  AND  THIS 
COMPRESSION  MOVES  RADIALLY  INTO  THE  REST  OF  THE  PLASMA  AS  A  SHOCK 
WAVE- 


Radiative  energy  transport  from  the  hot  compressed  shock  region  to 

THE  COOLER  UNSHOCKED  PLASMA  TENDS  TO  HELP  DAMP  OUT  THE  SHOCK-  A 
RADIATION  MODEL  IS  THUS  IMPORTANT  IN  FINDING  OUT  WHETHER  SUCH  A 
SHOCK  IS  DAMPED  OR  REACHES  THE  INNER  SURFACE  OF  THE  PLASMA- 


If  the  shock  reaches  the  inner  surface  of  the  annular  plasma,  it  may 
"spall  off*  some  of  the  plasma  there,  blowing  it  toward  the  axis 

AT  A  HIGHER  SPEED  THAN  THE  BULK  PLASMA  MOTION-  (FlG-  16)- 


KlA 


r\ 

% 

$ 

Fig.  16  —  Inner  surface  “spall”  by  shock:  end-on  view  of  density  profiles 


A  SHOCK  COULD  THUS  LEAD  TO: 


(a)  Radiation  from  the  shock  region,  long  before  closure  of  the 

ANNULAR  PLASMA,  I*E*  LONG  BEFORE  THE  RADIATION  PULSE  OF  THE 
PINCH  PHASE,  AND 


(b)  Early  assembly  of  the  inner-surface  blowoff  plasma  as  it  reaches 

THE  AXIS  BEFORE  THE  REST  OF  THE  PLASMA  DOES* 


(C)  A  SPIKE  OF  RADIATION  FROM  THIS  PREMATURE  ASSEMBLING  ON  THE  AXIS 
-  RADIATION  INCIDENT  ON  THE  INCOMING  ANNULAR  PLASMA  FROM  THE 
INSIDE* 


(d)  Some  preheating  of  the  annular  plasma  if  it  absorbs  enough 

OF  THE  RADIATION  FROM  THE  CENTER* 
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ENERGY  CONVERION  IN  PLASMA  IMPLOSION  (Fig.  17) 

RUNIN  PHASE: 

EM  ENERGY  CONVERTED  TO  KINETIC  ENERGY  WITH  SOME  SMALL  OHMIC 
HEATING  AND  RADIATIVE  COOLING* 

Some  new  EM  energy  is  stored  in  the  increasing  empty  volume 

OUTSIDE  THE  SHRINKING  PLASMA- 

PINCH  PHASE: 

Kinetic  energy  aquired  during  run-in  is  transformed  to 

TEMPERATURE,  1-E-  THERMAL  STORAGE  (INTERNAL  ENERGY)  AND  TO  RADIATION  OUTPUT 
POWER.  The  branching  between  these  two  modes  (how  much  heating  vs  HOW  MUCH 
RADIATIVE  LOSS)  IS  A  COMPLICATED  NONLINEAR  FUNCTION  OF  DENSITIES, 
TEMPERATURES,  ASSEMBLY  TIMESCALE,  ETC* 

Conversion  of  KE  mostly  to  internal  energy  (thermal  &  ionization) 

MEANS  LESS  RADIATION  OUT  BUT  HOTTER  SPECTRUM  OF  RADIATION- 

Conversion  of  KE  mostly  to  radiation  means  more  radiation  but 

WITH  COLDER  SPECTUM- 

Plasma  nonuniformity  (e-g-  from  instabilities)  may  make  for 

EFFICIENT  RADIATION  IN  SOME  REGIONS  AND  FOR  THERMAL  ENERGY  FLOWING  INTO 
THOSE  REGIONS  FROM  NEIGHBORING  REGIONS- 


DISASSEMBLY  PHASE: 

Remaining  internal  energy  is  converted  back  to  kinetic  energy  of 
''bounce"  ( i -e.  to  re-expansion  of  plasma),  to  further  radiation,  and  to 

ELECTROMAGNETIC  WORK  BACK  ON  THE  GENERATOR.  If  RADIATION  COOLING  IS  FAST 
ENOUGH,  THERE  IS  NO  APPRECIABLE  "BOUNCE*-  IF  THE  PLASMA  IS  UNSTABLE,  IT 
MAY  DISASSEMBLE  VERY  NONUNI FORMLY- 
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How  Can  One  Use  Spectrum  to  Infer  Plasma  Properties? 

A  HOT  PLASMA  EMITS  PHOTONS  DUE  TO: 

1-  Line  Radiation,  from  quantum  transitions  of  ions  between 

DIFFERENT  DISCRETE  ENERGY  STATES 


UPPER  ENERGY  LEVEL 

<  ENERGY  OF  PHOTON 

*  (difference  between  levels) 

LOWER  ENERGY  LEVEL 


In  MOST  PLASMAS  THAT  ARE  NOT  COMPLETELY  "STRIPPED*  I-E-  WHERE  THE 
IONS  ARE  NOT  STRIPPED  COMPLETELY  BARE  OF  ELECTRONS  BY  THE  THERMAL 
AGITATION,  THIS  IS  THE  DOMINANT  FORM  OF  RADIATED  SPECTRUM. 

2-  "Free-bound"  radiation,  from  transitions  between  "continuum" 

ENERGIES  (ABOVE  THE  ION'S  DISCRETE  LEVELS)  AND  THE  DISCRETE 
ENERGY  LEVELS-  THE  SPECTRUM  OF  THIS  RADIATION  IS  A  CONTINUUM; 
HOWEVER  THERE  IS  SOME  STRUCTURE  DUE  TO  THE  DISCRETE  NATURE  OF  THE 
LOWER  ENERGY  LEVELS. 

3.  "Free-free"  or  Bremsstrahlung  radiation  is  caused  by  the 

ACCELERATION  OF  CHARGED  PARTICLES  IN  THE  COULOMB  FIELD  OF  OTHER 

charged  particles.  The  major  part  of  the  Bremsstrahlung  is  due 

TO  THE  ELECTRON-ION  COLLISIONS  AND  SINCE  THE  INITIAL  AND  FINAL 
STATES  ARE  CONTINUOUS,  THE  BREMSSTRAHLUNG  SPECTRUM  IS  ALSO 
CONTINUOUS- 
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•  The  line  radiation  power  is  the  sum  of  the  net  emitted  powers  for 

ALL  THE  POSSIBLE  TRANSITIONS  BETWEEN  STATES  OF  ALL  THE  AVAILABLE 
lews  (e-g-  ions  of  charge  1,2,3,4,-...,  WEIGHTED  by  their 
POPULATION  DENSITIES).  THIS  MAKES  IT  A  COMPLICATED  FUNCTION  OF 
TEMPERATURE,  IN  PART  BECAUSE  THE  POPULATION  DENSITIES  DEPEND  ON 
TEMPERATURE,  AND  ALSO  BECAUSE  THE  * OSCILLATOR  STRENGTHS*  OR 
EMISSION  RATES  OF  EACH  OF  THE  TRANSITIONS  DEPENDS  IN  A  QUANTUM- 
MECHANICAL  WAY  ON  THE  NATURE  OF  THE  TRANSITION. 


Typically,  there  is  a  distribution  of  ionization  states  for  a 

FIXED  DENSITY  AT  ANY  TEMPERATURE  AND,  FOR  A  FIXED  DENSITY,  THE 
CENTER  OF  THE  BAND  MOVES  TO  HIGHER  IONIZATION  STAGES  AS  THE 
TEMPERATURE  INCREASES,  UNTIL  FINALLY  THE  IONS  ARE  ALL,  OR  ALMOST 
ALL,  COMPLETELY  STRIPPED* 


•  The  WIDTH  OF  THE  BAND  OVER  WHICH  A  GIVEN  IONIZATION  STAGE  EXISTS 
DEPENDS  ON  THE  SHELL  STRUCTURE,  IONIZATION  ENERGY,  ETC.,  I-E-,  ON 
ATOMIC  FACTORS. 


.  Free-bound  radiation  power  also  has  a  non-simple  dependence  on 

TEMPERATURE,  BECAUSE  OF  THE  CHANGING  OF  IONIZATION“STATE 
POPULATIONS  WITH  TEMPERATURE. 


.  From  the  intensity  ratio  of  selected  spectral  lines  it  is 

POSSIBLE  TO  INFER  SUCH  PLASMA  PROPERTIES  AS  ELECTRON  TEMPERATURE 
AND  DENSITY. 


.  From  the  slope  of  the  free-free  continuum  it  is  possible  to  infer 

THE  ELECTRON  TEMPERATURE  FROM  EITHER  A  THERMAL  OR  NONTHERMAL 
ELECTRON  DISTRIBUTION- 
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.  Clean  measurements  of  spectral  line  profiles  along  with 

OBSERVABLE  SHIFTS  AND  WIDTHS  CAN  ALSO  PROVIDE  USEFUL  ESTIMATES  OF 
TEMPERATURE  AND  DENSITY- 


-  Another  estimate  of  electron  density  can  be  obtained  from  high 

RESOLUTION  HIGH  QUALITY  SPECTRA  BY  EMPLOYING  THE  LAST  OBSERVABLE 
MEMBER  OF  A  LINE  SPECTRUM  AND  WITH  THE  AID  OF  THE  INGLISS-TELLER 
FORMALISM  UNFOLD  THE  DENSITY- 


The  DETERMINATION  OF  PLASMA  PARAMETERS  IS  SUCH  A  RAPIDLY  EXPANDING 
FIELD  WE  REFER  THE  READER  TO  THE  CURRENT  LITERATURE-  THE  FEW  DIAGNOSTIC 
AIDS  PRESENTED  HERE  ARE  THE  TIME-HONORED  "DEPENDABLE*  METHODS- 
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HELIUMLIKE  GROUND  STATE 


KRYPTON  FRACTIONAL  ABUNDANCES  (CRE) 


Distribution  of  ionization  status  for  an  optically  thin  krypton  plasma 


RADIATIVE  ENERGY  LOSS  COEFFICIENTS  (WATTS  cm3) 


Fe 


Te  (eV) 

34  86.2  216.5  544  1366  3430  8614  21645 


LOG10  Te  <°K) 


Fig.  20  —  Radiative  loss  terms  for  a  low  density  optically  thin  plasma 
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